The multiport diffuser effluent discharge facilities constructed beneath the coastal waters were simplified in the laboratory as twin buoyant jets in a wavy cross-flow environment. The near-field flow structure of twin jets was studied by series of experiments conducted in a physical wave-current flume. The particle image velocimetry (PIV) system was used to measure the velocity field of the jets in various cross-flow-only and wavy cross-flow environments. By means of flow visualization, the distinctive "effluent cloud" (EC) phenomenon was clearly observed and the jet penetration height was found to be notably increased compared with that of cross-flow-only environment at the downstream position. It was found that the wave-to-current velocity ratio R wc is a very important parameter for effluent discharge. A new characteristic velocity u ch and the corresponding characteristic length scale l mb for twin buoyant jets in the wavy cross-flow environment were defined. Using curve-fitting, a new equation to estimate the effects of the jet-to-current velocity ratio (R jc ), wave-to-current velocity ratio (R wc ) and Strouhal number (St) on the jet trajectory were derived to enhance understanding the physical processes underpinning the rise and the dilution of buoyant jets, which is critical to the design of discharge facilities.
Introduction
With the fast development of industrial economy and the large growth of population at the coastal cities, the marine environment in coastal and offshore areas has been greatly deteriorated. The related pollutants are potential threat to the local marine environmental and ecological systems [1] . The coastal sewage disposal project turns to be one of the available solutions to this problem in maintaining the coastal and offshore marine environment. As an environmentally friendly management practice, the effluents are treated in such a manner that local concentration levels are reduced to the maximum possible extent and the adverse effects are minimized before being discharged into the coastal and offshore waters. The treatment involves different processes, which are aimed at reducing toxicity, heavy metal content, nutrient content, etc. [2] [3] [4] . Afterwards, the effluent is discharged as horizontal jets, vertical jets, inclined jets, and so on, into the coastal waters from a multiport diffuser at the bottom of the receiving water, which is mostly predominated by wave and current (wavy cross-flow) environment. According to Fan [5] , the density of outfall discharges is very close to that of pure water, which is lighter than the seawater. Therefore, most of the outfall discharges can be regarded as positive buoyant jets.
Previous researches on the movement and dilution of jets can be classified based on various hydrodynamic characteristics of the receiving water, including still water, cross-flow, wave flow and wave-current flow.
In still water environment, both the mean and the turbulent properties of buoyant jets were studied and relevant conclusions were made. For the vertical discharged buoyant jets, the average dilution and diffusion rate are mainly subjected to the momentum in the region of z/l ms < 1.0 (z is the vertical distance to the jet orifice and l ms is the length scale having relationship with initial momentum and buoyancy flux of jets, later defined in Equation (2)) [6] . It was found that the densimetric Froude number has significant effect on the mean velocity decay of buoyant jets [7, 8] . The turbulence intensity of buoyant jet enhances with the increasing of Richardson number Ri which is the ratio of jet buoyancy and jet kinetic energy [9] . Davis et al. [10] conducted an experiment to determine the dilution characteristics of single and multiple buoyant jets in still water. The results showed that increase in the number of ports for buoyant discharges might lead to a lower dilution. The penetration and dilution properties of vertical negatively buoyant thermal jets were also discussed by Ahmad et al. [11] . They found large fluctuations of jet penetration in the vertical direction, smaller fluctuations of jet penetration in the horizontal direction and a maximum horizontal penetration of the return flow.
For the buoyant jets under cross-flow-only environment, they have been intensively studied primarily by using the experimental method and the integral model prediction. The basic physical processes for a submerged turbulent buoyant jet in cross-flow-only environment can be divided into four primary stages, namely, the zone of flow establishment, the stage of jet, the stage of intermediate, and the stage of plume [12] . As for the multiple jets, the penetration of leading jet in the cross-flow was found to be comparable to that of the single jet in the near field [13] , indicating that it is independent of the sequential rear jets. The leading jet has a sheltering effect on the rear jets, which leads to a smaller bending degree and a deeper penetration for these rear jets [14, 15] . The shielding effect of the leading jet will decline with the increase of adjacent jet spacing [15] . The trajectory of rear jet was found to be influenced by the leading jet as it restricts the cross-flow, and the trajectories of all the jets, downstream of the leading jet, are found to be similar [16] . Different discharge configurations of jets have also been investigated and dilution for inclined buoyant jets discharged into cross-flow was found to be lower than that for vertical jets. It was explained that buoyant jets discharged vertically are controlled by buoyancy whilst that discharged horizontally in the co-flowing current environment are controlled by momentum [17] [18] [19] [20] [21] . As the cross-flow velocity increases, the buoyant jets bend more; and increase in the buoyancy force results into a reduction of the cross-flow velocity rate [22] .
In the wave-only environment, the studies were mainly focused on the single jet and many significant results have been achieved. The dilution rate of buoyant jet can be significantly enhanced by the wave motion. The surface diffusion rate is also significantly higher than that in an environment with no waves [23] [24] [25] [26] . A theoretical Lagrangian model that is potentially capable of describing this additional wave-induced mixing was developed [27] . The wave-induced oscillatory motion makes the jet bifurcate and this phenomenon directly leads to changes in the rate of dilution [28] [29] [30] . The jet discharged into a regular wave field was studied by Mossa and Davies [31] and different regions of the jet-wave field were found in the study. The jet centerline velocity was found to decay faster. The turbulence intensity, the Reynolds stress, and the jet width increase significantly as the incident wave height increases, while the wave phase has little effect on the jet centerline velocity decay. The wave-to-jet momentum ratio is the most important parameter to characterize the wave effect on jet diffusion [32] [33] [34] .
In conclusion, it is evident that the buoyant jet has been studied by many researchers over the years. Since 2016, the authors [35] [36] [37] have focused on the behaviors of a single non-buoyant jet in the wavy cross-flow environment and quantized the effect of surface waves on jet discharge. Nevertheless, the knowledge of buoyant jets in the wavy cross-flow environment is still limited, especially for the multiple buoyant jets. In reality, industrial sewage is discharged through multiport diffusers beneath the water surface into the coastal waters predominated by oceanographic influences such as wave action, currents, and density gradients. Hence, understanding the physical processes underpinning the dilution of buoyant fluids in the coexisting wave and current environment is critical to the design of discharge facilities. As a preliminary stage, we simplified the problem by simulating the multiport diffusers with twin buoyant jets and focused on the jet movement in the wavy cross-flow environment. The particle image velocimetry (PIV) system was employed to measure the velocity field of the twin buoyant jet flow and to explore the physics governing the movement of the twin buoyant jets; meanwhile, the dimensional analysis approach was applied to empirically formularize the trajectory of jets.
Materials and Methods

Experimental Setup
The physical experiments were carried out in a co-directional wave and current flume at the laboratory of the College of Harbor, Coastal and Offshore Engineering, Hohai University. The sketch of experimental setup is illustrated in Figure 1 . The wave-current flume has the dimensions of 46.0 m in length and 0.5 m in width and 1.0 m in depth. A computer-controlled wave maker was located at one end of the flume to generate the waves, and an artificial slope was located at the other end to absorb and dissipate the incident wave energy. A group of flow pumps and a V-notch weir were separately settled at the two ends of the flume to generate the current. problem by simulating the multiport diffusers with twin buoyant jets and focused on the jet movement in the wavy cross-flow environment. The particle image velocimetry (PIV) system was employed to measure the velocity field of the twin buoyant jet flow and to explore the physics governing the movement of the twin buoyant jets; meanwhile, the dimensional analysis approach was applied to empirically formularize the trajectory of jets.
Materials and Methods
Experimental Setup
The physical experiments were carried out in a co-directional wave and current flume at the laboratory of the College of Harbor, Coastal and Offshore Engineering, Hohai University. The sketch of experimental setup is illustrated in Figure 1 . The wave-current flume has the dimensions of 46.0 m in length and 0.5 m in width and 1.0 m in depth. A computer-controlled wave maker was located at one end of the flume to generate the waves, and an artificial slope was located at the other end to absorb and dissipate the incident wave energy. A group of flow pumps and a V-notch weir were separately settled at the two ends of the flume to generate the current. The jet generator system consisted of two constant head tanks, two flow meters with valves, and two vertical round jet tubes, as shown in Figure 1 . The flow meters were used to control and monitor the discharge volume of the buoyant jets. By adjusting the valve, jet flows with different initial velocities were generated. The side-looking Acoustic Doppler Velocimetry (ADV) was used to monitor the jet initial velocity. The difference of velocity between two jets was less than 3.0%. For all the experiments, the jet orifice, with a diameter of 1 cm, was located 10 cm vertically above the bottom. The twin jets were separated by a center-to-center spacing of 3 cm. Buoyancy was generated by adding industrial alcohol with a 99% purity and a density of 0.791 g/cm 3 to the jet solution to make the jet density smaller than the density of the environment.
PIV Measurements
The PIV system ( Figure 2 ) was used to measure the flow field on the symmetrical plane of the twin buoyant jets in various cross-flow-only and wavy cross-flow environments. The PIV used in this study included a dual-head pulsed laser, laser light sheet optics, a CCD camera, and a synchronizer. The dual-head pulsed laser is a Nd:YAG laser that has a 15Hz repetition rate and a 380 mJ maximum pulse energy output. The PIV images were recorded using a 14-bit CCD camera with a 2048 × 2048 pixel resolution and a 15 frames per second (fps) maximum framing rate. The jet generator system consisted of two constant head tanks, two flow meters with valves, and two vertical round jet tubes, as shown in Figure 1 . The flow meters were used to control and monitor the discharge volume of the buoyant jets. By adjusting the valve, jet flows with different initial velocities were generated. The side-looking Acoustic Doppler Velocimetry (ADV) was used to monitor the jet initial velocity. The difference of velocity between two jets was less than 3.0%. For all the experiments, the jet orifice, with a diameter of 1 cm, was located 10 cm vertically above the bottom. The twin jets were separated by a center-to-center spacing of 3 cm. Buoyancy was generated by adding industrial alcohol with a 99% purity and a density of 0.791 g/cm 3 to the jet solution to make the jet density smaller than the density of the environment.
The PIV system ( Figure 2 ) was used to measure the flow field on the symmetrical plane of the twin buoyant jets in various cross-flow-only and wavy cross-flow environments. The PIV used in this study included a dual-head pulsed laser, laser light sheet optics, a CCD camera, and a synchronizer. The dual-head pulsed laser is a Nd:YAG laser that has a 15Hz repetition rate and a 380 mJ maximum pulse energy output. The PIV images were recorded using a 14-bit CCD camera with a 2048 × 2048 pixel resolution and a 15 frames per second (fps) maximum framing rate. The shooting frequency of the PIV velocity field was set to 7.25 Hz, and for each experimental group, 290 pairs of PIV images were collected for calculating the velocity field of twin buoyant jets within 40 s. The time interval between the image pair of each single PIV measurement was determined by following the suggestion of Keane and Adrian [38] . The velocity field was measured with a big field of view (FOV1) (-5.0 cm < x < 27.0 cm; -1 cm < z < 31 cm) and a small field of view (FOV2) (-3.0 cm < x < 13.0 cm; -0.5 cm < z < 15.5 cm), as shown in Figure 3 . The positive direction of the x-axis was horizontally aligned with the cross-flow direction and the positive direction of the zaxis was vertically upward. This coordinate system was used unless otherwise specified. The image processing was conducted by using the Insight 4G software supported by TSI. Before the cross-correlation algorithm, the image quality was enhanced by applying a Gaussian filter. Then, each image pair was correlated with interrogation windows of 32 × 32 pixels and 50% overlap between adjacent windows. Fast Fourier transform (FFT) and a Gaussian-peak-finding algorithm were employed in the process. As a result, the spatial resolutions of velocity vectors in two FOVs are of 1.4 mm and 2.8 mm, respectively. Finally, a median filter using the eight neighboring vectors surrounding the vector of interest was applied to identify and remove the spurious vectors. Removed vectors were replaced by interpolation. By using the method described in Prasad et al. [39] , the bias and random errors in the PIV measurement were estimated as less than 2.5%, which is tolerable for the mean velocity calculation. In this study, we also compared the mean velocity values obtained from 20 wave cycles and those from 30 wave cycles. The maximum difference was less than 1.5%.
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In order to fully consider the combination of buoyant jet and the ambient water, the jet initial flow flux Q0 of the selected cases of twin buoyant jets were 300 L/h, 250 L/h, and 200 L/h. The The image processing was conducted by using the Insight 4G software supported by TSI. Before the cross-correlation algorithm, the image quality was enhanced by applying a Gaussian filter. Then, each image pair was correlated with interrogation windows of 32 × 32 pixels and 50% overlap between adjacent windows. Fast Fourier transform (FFT) and a Gaussian-peak-finding algorithm were employed in the process. As a result, the spatial resolutions of velocity vectors in two FOVs are of 1.4 mm and 2.8 mm, respectively. Finally, a median filter using the eight neighboring vectors surrounding the vector of interest was applied to identify and remove the spurious vectors. Removed vectors were replaced by interpolation. By using the method described in Prasad et al. [39] , the bias and random errors in the PIV measurement were estimated as less than 2.5%, which is tolerable for the mean velocity calculation. In this study, we also compared the mean velocity values obtained from 20 wave cycles and those from 30 wave cycles. The maximum difference was less than 1.5%.
In order to fully consider the combination of buoyant jet and the ambient water, the jet initial flow flux Q 0 of the selected cases of twin buoyant jets were 300 L/h, 250 L/h, and 200 L/h. The corresponding initial velocities w 0 were 1.06 m/s, 0.88 m/s, and 0.70 m/s, respectively. An alcohol volume fraction of 5% was used to induce the buoyancy of the jet. That was 5 L of alcohol mixed with 100 L of tap water and their corresponding density differences were 0.73%. The ambient water in the flume has a density (ρ 0 ) of 1.0 g/cm 3 . The cross-flow velocity u c was set at 0.08 m/s throughout the experiments. The wave periods were 1.0 s and 1.5 s and the wave heights were 2 cm and 4 cm. This study also considered the experimental conditions of twin buoyant jets in the cross-flow-only environment for comparison. The jet-to-current velocity ratio R jc , wave-to-current velocity ratio R wc , and the Strouhal number St were expressed according to Xu et al. [35] , shown as follows:
where u w is the maximum wave-induced horizontal velocity at the jet orifice. The jet-to-current velocity ratio R jc of all the experimental conditions was between 8~14, the wave-to-current velocity ratio R wc was between 0.17~0.63, and the Strouhal number St was between 0.063~0.125. The details of experimental parameters are shown in Table 1 . To examine the reliability of the experimental setup, two cases of single buoyant jet in still water were also conducted, shown in Table 2 . 
Results and Discussion
Single Buoyant Jet in Stagnant Water
The time-averaged flow characteristics, including the centerline velocity and half-width, of the single buoyant jet in stagnant water were first examined. They are dependent on the initial jet velocity w 0 , the initial momentum flux M 0 , the initial buoyancy flux B 0 , and the vertical distance from the jet orifice z. The initial momentum flux M 0 and initial buoyancy flux B 0 can be defined as:
where d is the inner diameter of the jet orifice (i.e., 1 cm), Q 0 is the jet initial flow flux, and g is acceleration due to gravity (i.e., 9.81 m/s 2 ). The characteristic length scale l ms for the buoyant jet in still water can be defined as: Figure 4a shows centerline velocity decay along the jet axis and Figure 4b shows the half-width of the single buoyant jet in still water. The measured data were compared with theoretical results of Papanicolaou and List [6] . It can be seen from the comparison results that the data measured in this experiment were consistent with the classical theoretical curve, which indicates that the velocity field of the buoyant jet can be obtained accurately. This agreement does not only confirm the reliability of the PIV measurement techniques but also demonstrate that the experimental jet flow can be accurately controlled. 
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where d is the inner diameter of the jet orifice (i.e., 1 cm), Q0 is the jet initial flow flux, and g is acceleration due to gravity (i.e., 9.81 m/s 2 ).
The characteristic length scale lms for the buoyant jet in still water can be defined as: Figure 4a shows centerline velocity decay along the jet axis and Figure 4b shows the half-width of the single buoyant jet in still water. The measured data were compared with theoretical results of Papanicolaou and List [6] . It can be seen from the comparison results that the data measured in this experiment were consistent with the classical theoretical curve, which indicates that the velocity field of the buoyant jet can be obtained accurately. This agreement does not only confirm the reliability of the PIV measurement techniques but also demonstrate that the experimental jet flow can be accurately controlled. 
Phase-Averaged Flow Structure
The phase-averaged flow structure was examined by analysis of the vertical velocity distribution of twin buoyant jets. It has subtracted the wave-induced vertical velocity, which was calculated by using the linear wave theory. Case A3 was taken as an example to present the periodic motion of jets in a wave cycle, shown in Figure 5 . The wave crest phase means the time when the wave crest passes through the orifice of leading jet, as the other phases do. The most distinctive feature is the phenomenon of effluent clouds located at the upper part of jet body, which is similar to those in a single non-buoyant jet in the wave and current coexisting environment [35] . The characteristics related to the effluent clouds are discussed as follows. 
The phase-averaged flow structure was examined by analysis of the vertical velocity distribution of twin buoyant jets. It has subtracted the wave-induced vertical velocity, which was calculated by using the linear wave theory. Case A3 was taken as an example to present the periodic motion of jets in a wave cycle, shown in Figure 5 . The wave crest phase means the time when the wave crest passes through the orifice of leading jet, as the other phases do. The most distinctive feature is the phenomenon of effluent clouds located at the upper part of jet body, which is similar to those in a single non-buoyant jet in the wave and current coexisting environment [35] . The characteristics related to the effluent clouds are discussed as follows.
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Water At the wave crest phase (see Figure 5a ), the wave-induced horizontal velocity reaches the maximum and has the same direction with the cross-flow. This results in a maximum horizontal velocity of the flow in one wave cycle. Therefore, the twin jets get largest deflection along the current and the penetration is the lowest. During the duration from the wave crest phase to the down-zero crossing phase (see Figure 5b) , the wave-induced horizontal velocity decreases but is still in the crossflow direction. As a result, the jet body is in a low position even though the deflection degree of jets is decreasing. After the down-zero crossing phase, the wave-induced horizontal velocity changes direction and starts to increase. At the wave trough phase (see Figure 5c) , the wave-current flow reaches the minimum horizontal velocity and the deflection of jets is the smallest. From the wave trough phase to the up-zero crossing phase (see Figure 5d) , the jets keep penetrating as an effluent cloud and get a higher position, while their transport distance to the downstream is quite short due to the relatively small horizontal velocity of the flow. From the up-zero crossing phase to the next wave crest phase, the downstream transport distance of the effluent cloud is more significant compared with that in the last quarter-cycle. It can be found that the effluent cloud is discharged in the duration from the down-zero crossing phase to the wave trough phase and then to the up-zero crossing phase. Correspondingly, the lower part of jet body (called as the original part) is discharged in the duration from the up-zero crossing phase to the wave crest phase and then to the down-zero crossing phase.
Under the combined effect of wave and current, the transport of vertical momentum of twin jets branches out into two columns, as shown in Figure 5 . One forms the effluent cloud and the other forms the original part. It should be noted that the vertical momentum in both columns decreases gradually when moving to the downstream. Actually, the wave-induced oscillating in the vertical direction could also drive the up-and-down motion of the effluent cloud and the original part, despite that it is not as significant as the motion in the horizontal direction. One evidence is the notable holistic upward movement of the original part from the wave trough phase to the up-zero crossing phase and then to the wave crest phase, when the wave-induced vertical velocity is upward and relatively large.
It can be seen that the leading jet has a shielding effect on the rear jet at each wave phase. The levels of the shielding effect might be distinguished at different wave phases. The leading jet has a larger deflection than the rear jet; meanwhile, the vertical momentum decays faster for the leading jet owing to a stronger interaction with the surrounding wave-current flow. In the process of moving upward, the leading jet becomes closer and closer to the rear jet and finally they merge with each other. Before the merging, the two jets approach each other due to the Coanda effect, which is a At the wave crest phase (see Figure 5a) , the wave-induced horizontal velocity reaches the maximum and has the same direction with the cross-flow. This results in a maximum horizontal velocity of the flow in one wave cycle. Therefore, the twin jets get largest deflection along the current and the penetration is the lowest. During the duration from the wave crest phase to the down-zero crossing phase (see Figure 5b) , the wave-induced horizontal velocity decreases but is still in the cross-flow direction. As a result, the jet body is in a low position even though the deflection degree of jets is decreasing. After the down-zero crossing phase, the wave-induced horizontal velocity changes direction and starts to increase. At the wave trough phase (see Figure 5c) , the wave-current flow reaches the minimum horizontal velocity and the deflection of jets is the smallest. From the wave trough phase to the up-zero crossing phase (see Figure 5d) , the jets keep penetrating as an effluent cloud and get a higher position, while their transport distance to the downstream is quite short due to the relatively small horizontal velocity of the flow. From the up-zero crossing phase to the next wave crest phase, the downstream transport distance of the effluent cloud is more significant compared with that in the last quarter-cycle. It can be found that the effluent cloud is discharged in the duration from the down-zero crossing phase to the wave trough phase and then to the up-zero crossing phase. Correspondingly, the lower part of jet body (called as the original part) is discharged in the duration from the up-zero crossing phase to the wave crest phase and then to the down-zero crossing phase.
It can be seen that the leading jet has a shielding effect on the rear jet at each wave phase. The levels of the shielding effect might be distinguished at different wave phases. The leading jet has a larger deflection than the rear jet; meanwhile, the vertical momentum decays faster for the leading jet owing to a stronger interaction with the surrounding wave-current flow. In the process of moving upward, the leading jet becomes closer and closer to the rear jet and finally they merge with each other. Before the merging, the two jets approach each other due to the Coanda effect, which is a typical characteristic of jet-wall or jet-jet interaction [40] . The Coanda effect could be found clearly at the wave trough phase of each case shown in Figure 6 . typical characteristic of jet-wall or jet-jet interaction [40] . The Coanda effect could be found clearly at the wave trough phase of each case shown in Figure 6 . Figure 6 shows the phase-averaged vertical velocity distributions of the jet in Cases A2, A4, B3, and C3 at the wave trough phase. By comparing them with that in Case A3, the effects of the Strouhal number, the wave-to-current ratio and the jet-to-current ratio were investigated.
For Cases A2 and A3, the main difference regarding to the parameters is the Strouhal number. It leads to the difference of spacing between two adjacent effluent clouds in these two cases (see Figure 5c and Figure 6a ). The spacing between two adjacent effluent clouds is 8d in Case A2 while it is 12d in Case A3. This spacing could be estimated as the product of the time-averaged cross-flow velocity and the wave period. Some fresh water fills the gap between two effluent clouds and could be considered as a part of jets. The fresh water interacts with the effluent clouds and shares the vertical momentum with the effluent clouds. Hence, the mean momentum of effluent cloud part in Case A2 is higher than that in Case A3.
The spacing between two adjacent effluent clouds is the same in Cases A3 and A4, because the Strouhal number of each case is 0.083. However, the deflection of jets in Case A3 is larger than that in Case A4 due to a smaller wave-to-current ratio in Case A3 (see Figure 5c and Figure 6b) . Moreover, the vertical momentum of effluent cloud in Case A4 is larger than that in Case A3. Considering that the initial momentum of jets in these two cases is the same, it is concluded that the vertical momentum of effluent cloud increases with the wave-to-current ratio increase. Meanwhile, the vertical momentum of original jet part decreases with the wave-to-current ratio increase.
As shown in Figure 5c , Figure 6c , and Figure 6d , the effluent cloud in each case has a commensurable proportion of vertical momentum considering their different initial momentums of Figure 6 shows the phase-averaged vertical velocity distributions of the jet in Cases A2, A4, B3, and C3 at the wave trough phase. By comparing them with that in Case A3, the effects of the Strouhal number, the wave-to-current ratio and the jet-to-current ratio were investigated.
For Cases A2 and A3, the main difference regarding to the parameters is the Strouhal number. It leads to the difference of spacing between two adjacent effluent clouds in these two cases (see Figures 5c and 6a) . The spacing between two adjacent effluent clouds is 8d in Case A2 while it is 12d in Case A3. This spacing could be estimated as the product of the time-averaged cross-flow velocity and the wave period. Some fresh water fills the gap between two effluent clouds and could be considered as a part of jets. The fresh water interacts with the effluent clouds and shares the vertical momentum with the effluent clouds. Hence, the mean momentum of effluent cloud part in Case A2 is higher than that in Case A3.
The spacing between two adjacent effluent clouds is the same in Cases A3 and A4, because the Strouhal number of each case is 0.083. However, the deflection of jets in Case A3 is larger than that in Case A4 due to a smaller wave-to-current ratio in Case A3 (see Figures 5c and 6b) . Moreover, the vertical momentum of effluent cloud in Case A4 is larger than that in Case A3. Considering that the initial momentum of jets in these two cases is the same, it is concluded that the vertical momentum of effluent cloud increases with the wave-to-current ratio increase. Meanwhile, the vertical momentum of original jet part decreases with the wave-to-current ratio increase.
As shown in Figures 5c and 6c,d , the effluent cloud in each case has a commensurable proportion of vertical momentum considering their different initial momentums of jets. It is found that the jets have higher penetration with a larger jet-to-current velocity ratio. Hence, the effluent cloud could reach a higher location as well.
Mean Flow Structure
The comparison of time-averaged flow fields of twin buoyant jets in different environments is shown in Figure 7 , where the red vector denotes that in cross-flow-only environment and the blue vector denotes that in the wavy cross-flow environment. In general, the bending of jet in the wavy cross-flow environment is stronger, indicating that the oscillation of wave effect introduced an additional momentum to the jet bending processes, resulting in the jet having a more significant bend-over towards the flume bottom. When the wave effect is strong enough (see Figure 7c,d) , there exist blue vectors that have a smaller deflection than corresponding red ones at the downstream locations with some distance from the jet orifices, as marked using the black square. Those vectors below the black square are marked using the green square as a contrast. It is related to the distinctive effluent clouds which carry part of the vertical momentum. If the wave effect is stronger, more vertical momentum will be distributed to the effluent clouds. It will further affect the time-averaged velocity distribution of twin buoyant jets.
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The comparison of time-averaged flow fields of twin buoyant jets in different environments is shown in Figure 7 , where the red vector denotes that in cross-flow-only environment and the blue vector denotes that in the wavy cross-flow environment. In general, the bending of jet in the wavy cross-flow environment is stronger, indicating that the oscillation of wave effect introduced an additional momentum to the jet bending processes, resulting in the jet having a more significant bend-over towards the flume bottom. When the wave effect is strong enough (see Figure 7c and Figure 7d ), there exist blue vectors that have a smaller deflection than corresponding red ones at the downstream locations with some distance from the jet orifices, as marked using the black square. Those vectors below the black square are marked using the green square as a contrast. It is related to the distinctive effluent clouds which carry part of the vertical momentum. If the wave effect is stronger, more vertical momentum will be distributed to the effluent clouds. It will further affect the time-averaged velocity distribution of twin buoyant jets. Figure 8 shows the time-averaged vertical velocity distributions of the jets in Cases A0-A5. In no wave cases (see Figure 8a) , there are two peaks for the vertical velocity on some downstream locations, i.e., x/d = 10-15. If the wave effect is weak, for instance, R wc = 0.17 in Case A1, the change of vertical velocity distribution will be insignificant. The two-peak feature of vertical velocity distribution on downstream locations will be modified as the wave-to-current ratio keeps increasing (see Figure 8c,d,f) . One of the peaks will be the domination peak and it has a strong relationship with the Strouhal number. Qualitatively, a larger Strouhal number results in the increasing of upper peak, for instance, Case A2. If the wave effect is very strong, for instance, R wc = 0.63 in Case A4, the change of vertical velocity distribution will be drastic. Similar results are found in Case B0-B5 and in Cases C0-C5. It is not shown here for the sake of briefness. Figure 8 shows the time-averaged vertical velocity distributions of the jets in Cases A0-A5. In no wave cases (see Figure 8a) , there are two peaks for the vertical velocity on some downstream locations, i.e. x/d = 10-15. If the wave effect is weak, for instance, Rwc = 0.17 in Case A1, the change of vertical velocity distribution will be insignificant. The two-peak feature of vertical velocity distribution on downstream locations will be modified as the wave-to-current ratio keeps increasing (see Figures 8c,d,f) . One of the peaks will be the domination peak and it has a strong relationship with the Strouhal number. Qualitatively, a larger Strouhal number results in the increasing of upper peak, for instance, Case A2. If the wave effect is very strong, for instance, Rwc = 0.63 in Case A4, the change of vertical velocity distribution will be drastic. Similar results are found in Case B0-B5 and in Cases C0-C5. It is not shown here for the sake of briefness. It was found that the wave-to-current ratio is a key parameter that dominates the vertical velocity distribution of twin buoyant jets in the wave and cross-flow environment, despite that the Strouhal number also has an effect. The wave-to-current ratio determines the proportion of vertical momentum carried by the effluent clouds which could drive the upper part of jets moving upwards.
Dimensional Analysis
The problem of twin buoyant jets in the wave and cross-flow environment is quite complex, which involves four kinds of driving forces, i.e., wave, current, buoyancy and the jet itself. Dimensional analysis is a commonly used in such a problem to get a better understanding on the interaction of these dynamics. Moreover, the dimensional analysis could form a combined parameter to describe the effects of different driving forces on the jet movement.
For twin buoyant jets discharged vertically into the wavy cross-flow environment, the behaviors of jets are characterized by several variables such as the jet initial velocity w 0 , the jet initial density ρ 0 , the inner diameter of the orifice d, the height of the jet orifice from the bottom h 0 , the water depth h, the cross-flow velocity u c , the density of the ambient fluid ρ a , the wave period T and the wave height H. The variable V describing the characteristic of jet movement (e.g., the jet trajectory) can be expressed as a function:
The above function contains too many variables. The combination of characteristic parameters can simplify the function. By using the jet initial momentum flux M 0 and the jet initial buoyancy flux B 0 , the function of variable V can be expressed as follows:
Following the linear wave theory, the horizontal velocity u and the vertical velocity v of the wave at any point (x, z) of the experimental coordinate system in the fluid can be expressed by:
where σ is the angular frequency of wave, h 0 is the distance from the jet orifice to bottom of flume (i.e., 10 cm), and k is the wave number. As shown in Figure 5 , the twin buoyant jets in the wavy cross-flow environment are deflected by the current, and simultaneously, the jets sway back and forth due to the wave-induced oscillating flow. This implies that the jets are affected by both the current flow and the wave flow. Hence, the characteristic velocity of such a flow should combine the effects of current and wave. In this study, the characteristic velocity u ch can be used to characterize the combined effect of the wave velocity and the current velocity. It is defined as:
where
The dimension of M 0 is L 4 ·T −2 , and the dimension of B 0 is L 4 ·T −3 . The dimension of u ch is L·T −1 . According to the principle of dimensional uniformity, we can propose a new characteristic length scale l mb for the twin buoyant jets in the wavy cross-flow environment:
It represents the relative strength of the twin buoyant jets and the wave-current flow. For z < l mb , the jet velocity induced by the momentum and buoyancy is significantly larger than the velocity of the wave-current flow. Thus, the mixing in this region is similar to that of buoyant jets in still water. For z > l mb , there are two stages. The first is that the jet body sways back and forth due to the wave-induced oscillating flow and the effluent cloud emerges. The second is that the formed effluent cloud and the original part of jets develop and move toward downstream, under the effect of the wave-current flow. Hence, the near field of twin buoyant jets in the wave and current environment could be divided into three regions, namely the initial region, effluent cloud-forming region and the developing region. The sketch of three regions is illustrated in Figure 9 .
The dimension of M0 is L 4 ·T -2 , and the dimension of B0 is L 4 ·T -3 . The dimension of uch is L·T -1 . According to the principle of dimensional uniformity, we can propose a new characteristic length scale lmb for the twin buoyant jets in the wavy cross-flow environment:
It represents the relative strength of the twin buoyant jets and the wave-current flow. For z < lmb, the jet velocity induced by the momentum and buoyancy is significantly larger than the velocity of the wave-current flow. Thus, the mixing in this region is similar to that of buoyant jets in still water. For z > lmb, there are two stages. The first is that the jet body sways back and forth due to the waveinduced oscillating flow and the effluent cloud emerges. The second is that the formed effluent cloud and the original part of jets develop and move toward downstream, under the effect of the wavecurrent flow. Hence, the near field of twin buoyant jets in the wave and current environment could be divided into three regions, namely the initial region, effluent cloud-forming region and the developing region. The sketch of three regions is illustrated in Figure 9 . Using the length scale lmb, the function of variable V can be expressed as follows：
Empirical Formula of Trajectory
The trajectory of jets is a very important indicator to characterize the motion for jets in crossflow-only and wavy cross-flow environments. Previous researchers used different definitions in the analysis of jet trajectories, i.e., the centerline of maximum concentration points, the centerline of maximum velocity points and the streamline emanating from the center of the jet exit [41] . As illustrated in Figure 8 , the vertical velocity distribution on the downstream location might have two peaks and the positions of the two peaks are mutable. Hence, the streamline emanating from the center of the rear jet exit is chosen as the jet trajectories under the wavy cross-flow environment. Figure 10 shows the effects of dimensionless parameters on the trajectories of twin buoyant jets in the wave and current environment. It is found that the wave-to-current velocity ratio and the jetto-current velocity ratio have significant influence on the trajectories while the effect of Strouhal Using the length scale l mb , the function of variable V can be expressed as follows:
The trajectory of jets is a very important indicator to characterize the motion for jets in cross-flow-only and wavy cross-flow environments. Previous researchers used different definitions in the analysis of jet trajectories, i.e., the centerline of maximum concentration points, the centerline of maximum velocity points and the streamline emanating from the center of the jet exit [41] . As illustrated in Figure 8 , the vertical velocity distribution on the downstream location might have two peaks and the positions of the two peaks are mutable. Hence, the streamline emanating from the center of the rear jet exit is chosen as the jet trajectories under the wavy cross-flow environment. Figure 10 shows the effects of dimensionless parameters on the trajectories of twin buoyant jets in the wave and current environment. It is found that the wave-to-current velocity ratio and the jet-to-current velocity ratio have significant influence on the trajectories while the effect of Strouhal number could be neglected. The trajectory will be higher if the jet-to-current velocity ratio is larger. Moreover, the trajectory gets lower with the increasing of wave-to-current velocity ratio. number could be neglected. The trajectory will be higher if the jet-to-current velocity ratio is larger. Moreover, the trajectory gets lower with the increasing of wave-to-current velocity ratio. Then, the variable on each axis in Figure 10 is multiplied by the dimensionless parameter d/lmb. It yields Figure 11 , in which the coordinate system is changed to the logarithmic form. It is found that the length scale lmb can accurately represent the influence of both Rjc and Rwc on the trajectories. Using the least-square fitting method, the equation for the trajectories of twin buoyant jets in the wave and current environment is expressed as: 
and it is illustrated in Figure 12 . The 95% confidence bounds of free coefficients are (4.38, 4.43) and (0.45, 0.48), respectively. Then, the variable on each axis in Figure 10 is multiplied by the dimensionless parameter d/l mb . It yields Figure 11 , in which the coordinate system is changed to the logarithmic form. It is found that the length scale l mb can accurately represent the influence of both R jc and R wc on the trajectories. Using the least-square fitting method, the equation for the trajectories of twin buoyant jets in the wave and current environment is expressed as: z l mb = 4.40 x l mb 0.46 (15) and it is illustrated in Figure 12 . The 95% confidence bounds of free coefficients are (4.38, 4.43) and (0.45, 0.48), respectively. 
Conclusions
A series of physical experiments have been carried out to investigate the characteristic behaviors of the twin buoyant jets vertically discharged into the wavy cross-flow environment. The conclusions are made as follows: 
A series of physical experiments have been carried out to investigate the characteristic behaviors of the twin buoyant jets vertically discharged into the wavy cross-flow environment. The conclusions are made as follows:
(1) With the combined effects of wave and current, the distinctive "effluent cloud" phenomenon was clearly observed in the twin buoyant jets in the wavy cross-flow environment. As a result, the transport of vertical momentum of twin jets branches out into two columns, namely one forming the effluent cloud and the other forming the original part.
(2) The leading jet has a shielding effect on the rear jet at each wave phase. The levels of the shielding effect vary at different wave phases. It leads to that the leading jet has a larger deflection than the rear jet, and meanwhile the vertical momentum decays faster for the leading jet. In the process of moving upward, the leading jet and the rear jet gradually merge with each other with a so-called Coanda effect.
(3) The vertical momentum of effluent cloud increases with the wave-to-current ratio R wc increase. The spacing between two adjacent effluent clouds has strong relationship with the Strouhal number St. The jets have higher penetration with a larger jet-to-current velocity ratio R jc . Compared with the Strouhal number St, the wave-to-current velocity ratio R wc is more important for effluent discharge.
(4) A new characteristic velocity u ch and the corresponding characteristic length scale l mb for both cross-flow-only and wavy cross-flow environments are defined. Based on the characteristic length scale l mb , the near field of twin buoyant jets in the wave and current environment could be divided into three regions, namely the initial region, effluent cloud forming region and the developing region.
(5) The trajectory of twin buoyant jets in the wavy cross-flow environment is significantly subjected by the wave-to-current velocity ratio R wc and the jet-to-current velocity ratio R jc . By curve-fitting, a new equation for the trajectory is derived.
Further research should focus on the three-dimensional flow structure and concentration field of twin buoyant jets in the wavy cross-flow environment. The effect of jet spacing should also be studied in detail for the future work.
